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We investigate experimentally the electronic properties of the coating for multiwalled carbon
nanotubes covered in tungsten disulfide sWS2d of various thicknesses. Coatings of thicknesses
between 2 and 8 monolayers sMLd are analyzed using energy-loss spectroscopic profiling sELSPd,
by studying the variations in the plasmon excitations across the coated nanotube, as a function of the
coating thickness. We find a change in the ELSP for coatings above 5 ML thickness, which we
interpret in terms of a change in its dielectric properties. © 2005 American Institute of Physics.
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The discovery of carbon nanotubes1 and fullerenes2 has
started a significant research effort into developing carbon
electronics as a possible alternative to the end-of-the-road for
silicon-based electronics, which is predicted to be reached in
the next 10–15 years. Recent advances in controlling the
growth of nanotubes3 and the manipulation and welding of
individual nanotubes4 have brought the goal of producing
working carbon devices within reach. Carbon nanotubes
coated with functional layers are excellent candidates as
starting blocks for these devices. The heterojunctions formed
at multiwalled carbon nanotubes sMWCNTsd coated with
WS2, a known bulk semiconductor,5 could have applications
in high-efficiency large-area photovoltaics and light-emitting
structures. Their use, however, requires knowledge of the
dielectric properties of the coating, as a function of its thick-
ness, which we investigate here.
This information can be acquired in a general-purpose
transmission electron microscope sTEMd fitted with a Gatan
imaging filter sGIFd using a technique known as energy-loss
spectroscopic profiling sELSPd,6,7 without the need for focus-
ing the electron probe to subnanometer sizes. While the spa-
tial sampling of the electronic structure information obtained
in this manner is below that of a dedicated scanning TEM, it
has significantly better spatial resolution than if the same
TEM were used to form a small electron probe, whose diam-
eter is not smaller than 1.5 nm in our case.8
MWCNTs coated with a varying number of ordered WS2
layers were produced by pyrolysis; the production method
and the characteristics of the nanotube and the coating are
described elsewhere.5 The tungsten disulfide coating appears
to cover the nanotubes along their whole length. Small coat-
ing thickness variations f1–2 monolayers sMLdg can occur
along the length of the nanotube, so we only analyzed re-
gions where the coating thickness was constant over lengths
5–10 times the nanotube’s diameter. There was no detectable
oxygen fusing electron energy loss spectroscopy sEELSdg in
the coating. The samples were analyzed using a Philips
CM200TEM with a LaB6 filament, fitted with a GIF2000
spectrometer.
When orienting a linear feature along the axis integrated
by the quadrupoles of the GIF, the CCD records a two-
dimensional image where one coordinate is the energy loss
and other is, to within a scaling factor, the spatial coordinate
normal to the linear feature; this technique is ELSP.7 Here we
use a tilt-rotate holder to accurately align the tube along the
integrated axis to within 0.1°. The data are gathered in the
diffraction-coupled mode si.e., the image appears on the
screen but the spectrometer is focused on the beam crossover
where one records the diffraction patternd, using the largest
collector aperture available s3 mmd, at ,820 0003 magnifi-
cation. The choice of collection angle for samples with an
anisotropic dielectric function can alter the relative contribu-
tions of each of the dielectric components, but as the experi-
ments for all coating thicknesses were performed at the same
camera length and with the same collector aperture, the in-
fluence of the collection angle is also the same for all thick-
nesses.
For each coating thickness investigated, 40–50 ELSP im-
ages were collected, aligned in both dimensions and then
summed. The parallel recording of the position and energy
axes in an ELSP image allows for the independent and accu-
rate definition of the position of the coating. Our experimen-
tal setup allowed for the spatial sampling of the electronic
properties of the coating with a resolution of ,3 Å. This was
determined from a profile across the zero loss peak in the
ELSP image, which is identical to the image of the coated
nanotube integrated in the horizontal direction. Provided a
suitable magnification is chosen, the ELSP profile ssee Fig.
3d shows in this case WS2 fringes which can be used for
alignment and calibration of the spatial dimension in the
ELSP images. Thus, we are able to sample the electronic
structure of a linear feature on the nanoscale, using an instru-
ment not ordinarily capable of forming probes smaller than
1.5 nm.
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Figure 1 shows low-loss spectra, after the removal of the
zero-loss peak using a scaled-fitting method,9 at various po-
sitions from the outer surface of the 4-ML-coated nanotube,
defined as negative outside the outer surface of the coating
and positive towards the center of the MWCNT. When mov-
ing across the coated nanotube, the spectra in Fig. 1 show
peaks at ,6, ,18, and ,23 eV, and also a further small
peak at ,14 eV at grazing incidence and further from the
coating sso-called “aloof” spectroscopy10d.
The local anisotropy of the dielectric function and the
hollow geometry of tubes result in a degeneracy of the sur-
face plasmon mode into two or more modes.11–14 Previous
work conducted on MWCNTs on the one hand11,12 and WS2
nanotubes on the other13,14 have associated the bulk and sur-
face plasmon peaks observed in Fig. 2 to a family of allowed
interband transitions.12 We use these individual studies as the
starting point for the interpretation of our system combining
the two cases. The peak at 23 eV is the bulk plasmon asso-
ciated with the component of the dielectric function parallel
to the local c-axis of the carbon tube senhanced at the edge
of the tubed, while the bulk plasmon at 27 eV is associated
with the perpendicular component of the dielectric function
senhanced in the middle of the tubed.
The 17–18 eV peak is associated with the carbon tube’s
surface plasmon of the s electrons related to the s-s* tran-
sition, the 14–15 eV peak is linked to p-s* and s-p* tran-
sitions, and the 6 eV peak represents surface excitations
linked to the p-p* transitions for the parallel component of
the dielectric function.12 The hollow geometry can further
split these plasmon modes into symmetric and antisymmetric
branches. For example,13 a thick pure WS2 nanotube sratio of
inner to outer radii r /R!1d shows, at grazing incidence, a
dominant surface mode at ,16 eV which splits, for a thin
nanotube sr /R,1d, into two modes centered on 15 and
22 eV. Similarly,11 at grazing incidence, the 14–15 eV peak
for thick carbon tubes is shown to split into a radial mode at
,18 eV and a tangential mode at ,14 eV sFig. 1d.
As we step across the surface of the coated nanotube
sFig. 1d, the relative weights of each of the peaks changes
depending on the position from the outer surface of the coat-
ing. In our combined case, because of the overlap of the
respective carbon and WS2 surface and bulk peaks, we con-
clude that any interface plasmon between the tube and the
coating will result in the modification the relative weights of
the peaks in Fig. 1 according to the coating’s thickness. We
investigate this relative change by normalizing each spec-
trum to the maximum value in the 4–35 eV range. Similar to
the studies of Stephan et al.,11 we used a 2 eV window cen-
tered on the dominant peaks to integrate the spectral intensity
and display it as a function of position across the nanotubes.
Figure 2 shows typical measurements for the plasmon
intensities from areas centered on 6, 14, 18, and 23 eV for a
4 ML coating. The ELSP profile shown is taken across the
zero-loss peak in the ELSP images and is equivalent to the
image of the nanotube integrated along that direction; it dem-
onstrates the subnanometer spatial sampling and is used for
the accurate determination of the scale and origin of the po-
sition axis. The origin of the position axis is determined in
each case using the center of symmetry of the fringes from
the ELSP profile, and then shifting the scale by half of the
coating’s width where layers are separated by 6.2 Å and are
,3.2 Å thick.5 This shift effectively sets the origin of the
spatial dimension on the outer surface of the coated nano-
tube, for easy comparison of MWCNTs with different WS2
coating thicknesses. The hashed region in Fig. 2 is a visual
representation of the coating’s width.
We repeated the experiment for several coating thick-
nesses, for all of which we observed a transition from the
dominant bulk plasmon mode at 23 eV to the surface plas-
mon modes s18, 14, and 6 eVd. We note that the position at
which the transition between the bulk and surface plasmons
FIG. 1. Selected line spectra at various positions across the surface of a 4
ML WS2-coated MWCNT, after the removal of the zero-loss peak. The
origin of the scale across the nanotube is defined at the outer surface of the
coating, positive at positions inside the tube and negative outside ssee inset
diagramd. The plasmon peak shows a transition from a dominant bulk mode
to a surface plasmon dominant mode in the region of the coating. The
dashed lines are guides to the eye for the positions of the various surface and
bulk collective excitations in the region of the surface of the coating. The
WS2 coating fringes are clearly visible in the ELSP spatial dimension and
can be used to determine the position of the coating independently.
FIG. 2. Variation of areas of windows 2 eV wide and centered on 6, 14, 18,
23, and 27 eV as a function of position across MWCNTs coated with 4 ML
of WS2. The area under the zero-loss peak is represented as the ELSP profile
for each of the coating thicknesses and is used to determine accurately the
position of the outer surface of the coating si.e., the origin of the position
scaled, when compared to the image profile in each case. The hashed region
marks the position of the coating layer, with negative positions being in the
vacuum outside the nanotube.
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sthe crossover between the 18 and 23 eV curvesd occurs with
respect to the outer surface of the coating, depends on the
thickness of the coating. Figure 3 summarizes the relative
position of the crossover point with respect to the coating’s
surfaces, normalized to the width of the layer. For the 2 and
3 ML coatings, this transition occurs in the region of the
inner surface of the coating, while for the 4 ML coating this
occurs roughly in the middle of the coating. For coatings
thicknesses beyond 5 ML, the transition occurs on the outer
surface of the coating.
The variation in the bulk-surface changeover as a func-
tion of the position across the coated MWCNT can be inter-
preted in terms of the dielectric nature of the coating. One
solution is that, when the coating is very thin, it acts as part
of the surface of the MWCNT; for thicknesses equal or
above 5 ML, the coating is thick enough to establish dielec-
tric properties more akin to a pure WS2 nanotube. In this
model, the thin coatings sup to 4 MLd are seen to form a
relatively dielectrically thicker outer surface of the MWCNT,
with a less abrupt transition from vacuum to carbon nano-
tube. Once the thickness reaches 5 ML, there is now enough
WS2 for the coating to no longer be a dielectric part of the
outer surface of the MWCNT so that there is now a sharp
transition from the dielectric function of the MWCNT to that
of the coating and then to that of the vacuum. However,
because now we are in a situation similar to a pure WS2
nanotube with a very small r /R radius, we expect13,14 to have
a strong coupling of the surfaces leading to a split of the
16 eV surface mode into a peak at 22 eV and the “forest of
peaks”13 at 0–15 eV. This peak in turn contributes to the
signal in the 23 eV peak sFig. 2d so that the bulk-to-surface
transition now occurs on the outer surface of the coating.
An alternate hypothesis, still based on the dielectric defi-
nition of the inner and outer surfaces of the coating is that,
for the thin coating, the diffused outer surface of the
MWCNT can also be represented by a “clean” MWCNT
outer surface dielectric function, placed at a position within
the diffused outer surface model. This could be used to ex-
plain the observed variation of the crossover position with
changing coating thicknesses below 4 ML sFig. 3d. When the
coating reaches 5 ML, then we revert to being able to define
the two abrupt dielectric surfaces of the coating. In this case,
the coupling between the coating and the MWCNT is now
facilitated, such that the outer surface of the coating acts also
as the outer surface of the MWCNT. This would interpret the
observed crossover at the outer surface of the coating not as
a contribution from a surface coupling of the interfaces of the
coating, but simply as the outer surface of the coating being
now dielectrically coupled with the MWCNT.
In conclusion, we have investigated experimentally the
nature of the interface between a MWCNT and its WS2 coat-
ing, as a function of the coating’s thickness. This was
achieved with subnanometer spatial resolution, using parallel
illumination in a nonscanning TEM, by means of energy loss
spectroscopic profiling. The minimum width of the WS2
coating necessary for it to have defined dielectric internal
and external interfaces, was found to be 5 ML.
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FIG. 3. The transition between the dominance of the bulk mode and that of
the surface mode occurs at positions dependent on the coating thickness,
displayed normalized to the coating’s thickness: at the inner surface of the
coating for 2 ML WS2, within the coating for 4 ML WS2, and at the outer
surface of the coating for thicknesses above 5 ML of WS2. The error bars in
the 2 ML case are ,30%, but get smaller as the coating’s thickness in-
creases. In absolute terms, the error in position is ,3 Å.
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